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INTRODUCTION 

Sternberg  and h i s  a s s o c i a t e s  found t h a t  t h e  t rea tment  of many c o a l s  with 
a l k a l i  metals i n  t h e  presence  of e l e c t r o n  t r a n s f e r  agents  formed polyanions 
which could be a l k y l a t e d  t o  form compounds which were s o l u b l e  i n  common or- 
ganic s o l v e n t s  i n c l u d i n g  heptane and benzene (1). More r e c e n t l y ,  w e  d i scussed  
t h e  proton and carbon nmr s p e c t r a  of t y p i c a l  gpc f r a c t i o n s  of po lybuty la ted  
I l l i n o i s  No. 6 c o a l  ( 2 ) .  This  work revea led  t h a t  t h e r e  w e r e  s i g n i f i c a n t  d i f -  
fe rences  i n  t h e s e  f r a c t i o n s  with v a r i a t i o n s  i n  t h e  degree  of a r o m a t i c i t y ,  t h e  
r a t i o  of C-butylat ion t o  0-butylat ion,  the e x t e n t  of b u t y l a t i o n  on a l i p h a t i c  
and aromatic  carbon atoms, and t h e  amount of carbonyl  and v i n y l  d e r i v a t i v e s .  
I n  addi t ion ,  t h e  low molecular  weight f r a c t i o n s  contained p a r a f f i n i c  hydro- 
carbons which presumably were l i b e r a t e d  as t h e  c o a l  m a t r i x  co l lapsed .  
r e s u l t s  ob ta ined  i n  t h i s  work a r e  compatible  wi th  t h e  e s s e n t i a l  f e a t u r e s  of 
t h e  r e a c t i o n  p r o c e s s  proposed by Sternberg  and h i s  a s s o c i a t e s  ( 1 , Z ) .  
gested t h a t  t h e  e l e c t r o n  t r a n s f e r  agent ,  naphthalene,  t r a n s f e r s  e l e c t r o n s  
from t h e  meta l  t o  molecular  fragments i n  t h e  coa l .  Under t h e s e  condi t ions ,  
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t h e  a romat ic  molecules  of t h e  c o a l  a r e  reduced, and t h e  b a s i c  anions produced 
under t h e  exper imenta l  condi t ions  r e a c t  wi th  a c i d i c  hydrogen atoms t o  y i e l d  
a ry loxides  and s t a b l e  carbanions.  Ether  c leavage and e l i m i n a t i o n  r e a c t i o n s  
a l s o  occur  under t h e s e  experimental  condi t ions .  I n  a d d i t i o n ,  carbon-carbon 
bond cleavage r e a c t i o n s  t a k e  p lace .  Also,  carbonyl  compounds are reduced t o  
semiquinone5 o r  k e t y l s .  
b l e  e l e c t r o n  t r a n s f e r  r e a g e n t s ,  an equi l ibr ium mixture  of s o l u b l e  and insolu-  
b l e  polyanions c o n t a i n i n g  carbanions,  a r y l o x i d e s ,  mercapt ides ,  k e t y l s ,  n i t r o -  
geneous bases  and s o  f o r t h  i s  generated.  Because few rearrangement  r e a c t i o n s  
occur under  b a s i c  condi t ions  t h e  s t r u c t u r e s  of t h e  a n i o n i c  products  are q u i t e  
c l o s e l y  r e l a t e d  t o  t h e  s t r u c t u r e s  of t h e  molecular  f ragments  i n  c o a l .  These 
an ionic  compounds a r e  r e a d i l y  a l k y l a t e d  by primary i o d i d e s .  However, t h e  
a l k y l a t i o n  r e a c t i o n  is complicated by compet i t ive  e l e c t r o n  t r a n s f e r  r e a c t i o n s  
which y i e l d  b u t y l  r a d i c a l s .  Thus, t h e  c o a l  a l k y l a t i o n  r e a c t i o n s  occur  by the  
reac t ions  of t h e  n u c l e o p h i l i c  an ionic  compounds wi th  t h e  a l k y l  i o d i d e  and by 
t h e  r e a c t i o n s  of t h e  a romat ic  hydrocarbon compounds wi th  the  b u t y l  r a d i c a l .  

In t h e  presence of s u f f i c i e n t  concent ra t ions  of solu- 
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The r i c h  chemistry of t h e  c o a l  polyanion and the  presumably c l o s e  re- 
l a t i o n s h i p  between t h e  s t r u c t u r e s  of t h e  c o a l  polyanion and t h e  i n i t i a l  c o a l  
molecules prompted us  t o  s tudy  t h e  r e a c t i o n  condi t ions  and t h e  r e a c t i o n  pro- 
d u c t s  c a r e f u l l y  and then t o  examine the  r e a c t i o n  of the  c o a l  polyanion wi th  
90%-enriched b u t y l  iodide-1-C-13. 

EXPERIMENTAL PART 

Materials.--Successful a l k y l a t i o n s  r e q u i r e  t h e  use of thoroughly pur i -  
f i e d  reagents  i n  an a i r  and moisture-free environment. The reagents  used 
i n  t h i s  work w e r e  a l l  c a r e f u l l y  p u r i f i e d  by d i s t i l l a t i o n  o r  r e c r y s t a l l i z a t i o n  
s h o r t l y  before  use.  The I l l i n o i s  No. 6 c o a l  samples (Anal.: C ,  70.19; H ,  
5.18; N ,  0.62; C 1 ,  0.14; S ( p y r i t i c ) ,  0 .82;  S ( s u l f a t e ) ,  0; Scorganic) ,  2.71; 
O(by d i f f . )  11.43; Ash, 8.19) were d r i e d  a t  100' i n  vacuo f o r  16 h r s .  Tetra-  
hydrofuran was re f luxed  i n  a n i t r o g e n  atmosphere over  l i t h i u m  aluminum hydr ide  
f o r  4 h r s  p r i o r  t o  d i s t i l l a t i o n  from the  hydr ide .  The d i s t i l l a t e  was s t o r e d  
under argon. 
t i o n  from potassium. W e  found t h a t  the  resonances of v i n y l ,  carboxyl  and 
o t h e r  u n i d e n t i f i e d  groups were p r e s e n t  i n  t h e  nmr s p e c t r a  of concent ra ted  
samples of t h e  d i s t i l l a t e  when potassium w a s  used as t h e  p u r i f i c a t i o n  rea-  
gent .  

Tetrahydrofuran could not  be p u r i f i e d  a s  r e a d i l y  by d i s t i l l a -  

Prel iminary Experiments . - - Ini t ia l  work centered  on t h e  s tudy of t h e  re- 
a c t i o n  of potassium with te t rahydrofuran  and wi th  naphthalene i n  te t rahydro-  
furan .  

Potassium (20 m o l )  was added t o  te t rahydrofuran  (50 ml) under argon. 
Aliquots  f r e e  of potassium were withdrawn p e r i o d i c a l l y .  These a l i q u o t s  were 
hydrolyzed and t i t r a t e d  t o  determine t h e  e x t e n t  of t h e  reduct ion  of t h e  s o l -  
v e n t .  This  r e a c t i o n  was n e g l i g i b l e  even a f t e r  5 days,  Figure lA. 

In t h e  next  experiment , potassium (20.1 m o l )  was added t o  a s t i r r e d  
s o l u t i o n  of naphthalene (3.10 m o l )  i n  te t rahydrofuran  (50 ml) under argon. 
The c h a r a c t e r i s t i c  dark  green s o l u t i o n  of naphthalene r a d i c a l  an ion  and d i -  
an ion  formed w i t h i n  4 m i n .  Al iquots  f r e e  of potassium w e r e  withdrawn from 
t h e  r e a c t i o n  mixture .  
termine t h e  e x t e n t  of conversion of naphthalene t o  t h e  r a d i c a l  an ion  and d i -  
anion.  A f t e r  about 4.5 h r s ,  t h e  titrimetric procedure revea led  t h a t  t h e  
naphthalene w a s  converted t o  a mixture  e q u a l  i n  reducing  power t o  80% di-  
anions.  The r e a c t i o n  w a s  followed f o r  5 days. The r e s u l t s  are shown i n  
Figure 1B. 

These a l i q u o t s  were hydrolyzed and t i t r a t e d  t o  de- 

In t h e  t h i r d  experiment of t h i s  s e r i e s ,  potassium ( 2 0 . 1 m o l )  and naphtha- 
l e n e  (3.10 m o l )  i n  te t rahydrofuran  (50 ml) w e r e  allowed t o  r e a c t  f o r  4.5 h r s .  
Coal (0.86Og) w a s  then  added. The r e a c t i o n  mixture  immediately became brown. 
During t h e  next  s e v e r a l  days t h e  r e a c t i o n  mixture  changed c o l o r  a s  t h e  reac- 
t i o n s  proceeded. Al iquots  f r e e  of potassium b u t  conta in ing  s o l i d  c o a l  p a r t i -  
c l e s  were withdrawn from t h i s  mixture  and t i t r a t e d  t o  determine t h e  e x t e n t  of 
conversion of t h e  c o a l  t o  t h e  c o a l  polyanion.  I n  c e r t a i n  i n s t a n c e s ,  a l i q u o t s  
f r e e  of potassium and s o l i d  c o a l  p a r t i c l e s  were withdrawn from t h e  r e a c t i o n  
mixture  and t i t r a t e d  t o  determine t h e  e x t e n t  of conversion of t h e  s o l i d  c o a l  
t o  s o l u b l e  an ionic  subs tances .  
a t  ambient temperature  under argon. An a l i q u o t  of t h e  mixture  w a s  then with- 
drawn t o  e s t a b l i s h  t h e  e x t e n t  of t h e  r e a c t i o n .  The r e s u l t s  are shown in Fig- 
u r e  1 C .  

The r e a c t i o n  w a s  allowed t o  proceed f o r  5 days 
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The r e s u l t s  ob ta ined  i n  s e v e r a l  experiments  revea led  t h a t  2 1 %  1 negat ive  
charges per  100 carbon atoms were in t roduced  i n t o  the  coa l .  

Coal A l k y l a t i o n  w i t h  Butyl  Iodide-l-C-l3.--Potassium (26.1 m o l )  w a s  added 
t o  a s t i r r e d  s o l u t i o n  of naphthalene (3.14 m o l e )  i n  te t rahydrofuran  (45 ml) 
under argon.  A f t e r  45 min, -325 mesh c o a l  (1.008) and an a d d i t i o n a l  wash quan- 
t i t y  of t e t r a h y d r o f u r a n  (10 ml) were added. The mixture  w a s  s t i r r e d  f o r  5 days. 
The excess  potassium (2.98 mol)  w a s  removed. 
c o a l  (0.041g) w a s  unavoidably l o s t  i n  t h e  removal of t h e  m e t a l .  A s o l u t i o n  of 
90%-enriched b u t y l  iodide-1-C-13 (6.88g) i n  te t rahydrofuran  (10 ml) w a s  added 
t o  the  s t i r r e d  s o l u t i o n  i n  1 5  min. This  q u a n t i t y  corresponds t o  a 2-fold excess 
of t h e  amount of reagent  needed f o r  t h e  a l k y l a t i o n  of a c o a l  polyanion with 2 1  
nega t ive  charges  p e r  100 carbon atoms and naphthalene d ian ion .  Potassium iodide  
began t o  p r e c i p i t a t e  from t h e  r e a c t i o n  mixture  almost immediately. 
t i o n  r e a c t i o n  w a s  allowed t o  proceed f o r  2 days.  
s e t t l e d  from t h e  r e a c t i o n  mixture  when s t i r r i n g  was i n t e r r u p t e d .  

A s m a l l  q u a n t i t y  of i n s o l u b l e  

The alkyla-  
Potassium i o d i d e  r a p i d l y  

The r e a c t i o n  mixture  w a s  then exposed t o  t h e  atmosphere and t h e  c o a l  pro- 
duc t  w a s  i s o l a t e d .  The mixture  w a s  c e n t r i f u g e d  and t h e  very  dark  brown, t e t r a -  
hydrofuran-soluble  m a t e r i a l  was removed by p i p e t .  Fresh s o l v e n t  w a s  added t o  
t h e  r e s i d u e  and t h e  mixture  was s t i r r e d .  The mixture  was then  cent r i fuged  and 
t h e  s o l u b l e  mater ia l  w a s  removed by p i p e t .  This  procedure was repea ted  s e v e r a l  
times. The f i n a l  e x t r a c t s  were c l e a r ,  p a l e  yel low s o l u t i o n s .  The combined ex- 
t r a c t s  were f i l t e r e d  through a 1 . 4 ~  f r i t .  The f i l t r a t e  w a s  concent ra ted  i n  vacuo 
a t  50°C t o  y i e l d  a f r e e l y  flowing, d a r k  brown material (2.252g). Residual  vola- 
t i l e  m a t e r i a l s  w e r e  removed i n  s e v e r a l  s t a g e s  i n  vacuo. The amounts o f  mater ia l  
p resent  a f t e r  2 h r s  were 1.9568; a f t e r  16 h r s ,  1.678g; a f t e r  4 1  h r s ,  1.581g; 
and a f t e r  68 h r s ,  1.521g. This  product  i s  d a r k  brown and does n o t  flow. 

Water w a s  added t o  d i s s o l v e  t h e  potassium i o d i d e  p r e s e n t  i n  the  te t rahydro-  
furan- inso luble  material. The mixture  w a s  then  s t i r r e d  and subsequent ly  CM- 

t r i f u g e d  to y i e l d  a c l e a r , y e l l o w  superna tan t  s o l u t i o n  and a smal l  res idue .  This 
res idue  w a s  t r e a t e d  i n  t h e  same way s e v e r a l  t i m e s  t o  extract a l l  t h e  water  solu-  
b l e  m a t e r i a l s .  The f i n a l  e x t r a c t s  were c o l o r l e s s  and d i d  n o t  y i e l d  a p r e c i p i t a t e  
when t r e a t e d  w i t h  sodium te t raphenylbora te .  The r e s i d u e  obta ined  i n  t h i s  way was 
d r i e d  i n  a stream of d r y  n i t rogen  t o  c o n s t a n t  weight (0.686g). 

The water -so luble  m a t e r i a l  was f i l t e r e d  through a 1 . 4 ~  f r i t .  An a l i q u o t  
of t h e  s o l u t i o n  w a s  t r e a t e d  wi th  excess  sodium te t raphenylbora te .  The potassium 
t e t r a p h e n y l b o r a t e  which p r e c i p i t a t e d  w a s  c o l l e c t e d  and dr ied .  This  a n a l y s i s  in- 
d i c a t e s  t h a t  18.1 meq of potassium i o n  were formed i n  t h e  r e a c t i o n .  

The te t rahydrofuran-so luble  p o r t i o n  of t h e  b u t y l a t e d ,  carbon-13 l a b e l l e d  
I l l i n o i s  No. 6 c o a l  (1.5208g) was chromatographed on s i l i c a  g e l  (Baker, 60-200 
mesh, 24g) t o  remove materials such a s  t h e  e l e c t r o n  t r a n s f e r  agent  and t h e  re- 
l a t e d  r e d u c t i o n  and a l k y l a t i o n  products .  
hexane (about  250 ml) and 5:95 te t rahydrofuran:  hexane (about  250 ml). The dr ied  
e luent  weighed 0.9967g. The coa l  products  were then  e l u t e d  wi th  pure te t rahydro-  
furan  (about  250 ml) fol lowed by 50:SO te t rahydrofuran:  methanol (about 250 ml) 
and pure methanol  (about  250 ml) .  The d r i e d  e l u e n t  weighed 0.5350g. The re- 
covery w a s  v i r t u a l l y  q u a n t i t a t i v e .  

These m a t e r i a l s  were e l u t e d  wi th  pure 

A p o r t i o n  of  t h e  c o a l  product  (168.1 mg) was d isso lved  i n  pure  te t rahydro-  
furan  ( 2  ml) and chromatographed on Styrage l (R)  gpc columns (Waters Assoc ia tes ) .  
Columns wi th  a molecular  weight exc lus ion  l i m i t  of 10,000 (2  x 61 cm.) and 2,000 
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(2  x 61  cm.) were connected i n  series. 
phase (0.36 5 0.01 m l  min-l). 
i n  each experiment. The te t rahydrofuran  was removed i n  vacuo and a stream o f  
f i l t e r e d ,  d ry  n i t rogen  w a s  used t o  remove t h e  f i n a l  t r a c e s  of t h e  s o l v e n t .  The 
c o a l  product  obtained with C-13 l a b e l l e d  b u t y l  i o d i d e  w a s  p a r t i t i o n e d  i n t o  1 7  
f r a c t i o n s  ( t o t a l  weight 178.4 mg). Samples t o  b e  used f o r  nmr spectroscopy w e r e  
d r i e d  thoroughly a t  25' a t  about 5 t o r r  f o r  40-45 h r s  t o  remove t h e  remaining 
t r a c e s  of te t rahydrofuran .  

Tetrahydrofuran w a s  used as t h e  mobile  
About 30 f r a c t i o n s  (3.7 t o  3.8 ml) w e r e  c o l l e c t e d  

The spec t roscopic  methods used i n  t h i s  s tudy  have been descr ibed  previous-  
l y  (2) .  

Other Alkyla t ion  Experiments.--In o t h e r  experiments ,  l i t h i u m  and sodium 
were used i n  p lace  of potassium. 1,2-Dimethoxyethane w a s  used i n  p l a c e  of 
te t rahydrofuran .  Butyl  c h l o r i d e ,  b u t y l  bromide, b u t y l  mesylate ,  b u t y l  t r i f l a t e ,  
and methyl iod ide  were used i n  p lace  of b u t y l  iod ide .  The condi t ions  used i n  
these  experiments were very  similar t o  t h e  c o n d i t i o n s  used i n  t h e  procedures  
descr ibed  i n  t h e  previous paragraphs.  The i s o l a t i o n  procedure w a s  modif ied i n  
those  cases  where t h e  i o n i c  sa l t ,  e.g. sodium i o d i d e ,  w a s  s o l u b l e  i n  te t rahy-  
drofuran.  I n  these  i n s t a n c e s ,  t h e  te t rahydrofuran-so luble  product  w a s  washed 
wi th  water  t o  remove t h e  sa l t  p r i o r  t o  f u r t h e r  s tudy .  

R e p e t i t i v e  Alkyla t ion  Reaction.--The te t rahydrofuran- inso luble  materials 
were, i n  c e r t a i n  i n s t a n c e s ,  subjec ted  to a second a l k y l a t i o n  r e a c t i o n .  I n  t h e s e  
cases, t h e r e  were t h r e e  n o t a b l e  d i f f e r e n c e s  i n  t h e  exper imenta l  r e s u l t s .  F i r s t ,  
t h e  green co lor  of t h e  naphthalene d ian ion  p e r s i s t e d  f o r  a s i g n i f i c a n t l y  l o n g e r  
time fol lowing the  a d d i t i o n  of t h e  c o a l  res idue .  Second, gas  e v o l u t i o n ,  pre-  
sumably butene-1, was d e t e c t a b l e  during t h e  a d d i t i o n  of b u t y l  i o d i d e  o r  b u t y l  
mesylate  b u t ,  s i g n i f i c a n t l y ,  no t  during t h e  a d d i t i o n  of methyl iod ide .  Thi rd ,  
t h e  rate of formation of potassium i o d i d e  was much more r a p i d  such t h a t  t h e  
rate d i f f e r e n c e  between b u t y l  i o d i d e  and methyl i o d i d e  w a s  n o t  ev ident .  

The r e a c t i o n  products  were separa ted  i n t o  te t rahydrofuran-so luble  and t e t r a -  
The chromatographic separa-  hydrofuran-insoluble  f r a c t i o n s  as a l r e a d y  descr ibed .  

t i o n s  and spec t roscopic  i n v e s t i g a t i o n s  w e r e  a l s o  performed as descr ibed .  

RESULTS AND DISCUSSION 

The rates of reduct ion  of te t rahydrofuran  (A), naphthalene (B), and Illi- 
n o i s  No. 6 c o a l  (C) are shown i n  F igure  1. These pre l iminary  experiments  es- 
t a b l i s h e d  t h a t  potassium r e a c t e d  only  very s lowly wi th  te t rahydrofuran  under 
t h e  experimental  condi t ions  used f o r  t h e  formation of t h e  c o a l  polyanion.  
Naphthalene was r a p i d l y  converted t o  a mixture  of anion r a d i c a l s  and d i a n i o n s  
under t h e  same condi t ions .  The i n i t i a l  r e a c t i o n  between the  e l e c t r o n  t r a n s f e r  
reagent  and t h e  I l l i n o i s  No. 6 c o a l  was q u i t e  r a p i d .  However, t h e  r e a c t i o n  
slowed t o  near ly  cons tan t  r a t e  a f t e r  about 1 2  hours .  During t h e  l as t  f o u r  
days of r e a c t i o n  t h e  c o a l  molecules  acqui red  about 0 . 1  n e g a t i v e  charges  per  
100 carbon atoms per  hour. 

The t i t r i m e t r i c  d a t a  i n d i c a t e d  t h a t  t h e  c o a l  polyanions d e r i v e d  from t h i s  

The evidence obta ined  i n  t h e  magne- 
c o a l  q u i t e  reproducibly had 2 1 2  1 n e g a t i v e  charges per  100 carbon atoms when 
potassium w a s  used as t h e  reducing agent .  
t i c  resonance work on t h e  r e a c t i o n  products  sugges ts  t h a t  t h e s e  n e g a t i v e  charges  
r e s i d e  l a r g e l y  on t h e  oxygen atoms of t h e  phenoxide and a lkoxide  r e s i d u e s  and on 
t h e  carbon ske le tons  of t h e  a romat ic  fragments of t h e  c o a l  s t r u c t u r e .  
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Potassium is  a much more e f f e c t i v e  reducing agent  than e i t h e r  sodium o r  
l i th ium.  T h i s  f e a t u r e  of t h e  r e a c t i o n  is i l l u s t r a t e d  by t h e  e x t e n t  of reduc- 
t i o n  (measured by t h e  number of n e g a t i v e  charges per  100 carbon atoms) and t h e  
e x t e n t  of a l k y l a t i o n  (measured by t h e  number of a l k y l  groups introduced and 
t h e  weight of t h e  r e a c t i o n  products ) .  The r e s u l t s  are summarized i n  Table I. 

TABLE I 

THE REDUCTION AND ALKYLATION OF ILLINOIS NO. 6 COAL W I T H  
LITHIUM, SODIUM, AND POTASSIUM 

b 
Reagent P a i r  Reductiona Alkyla t ion  

Lithium, Buty l  i o d i d e  12.0 12.2 (0.78g) 

Sodium, Butyl  i o d i d e  12.9 13.2 (1.17g) 

Potassium, Buty l  i o d i d e  19 .3  20.1 (1.52g) 

% e g a t i v e  charges  acqui red  per  100 carbon atoms. 

bButyl  groups in t roduced  p e r  100 carbon atoms. The weight of te t rahydro-  
furan-so luble  product  ob ta ined  from 1.OOg of c o a l .  

The r e a c t i o n s  of t h e  c o a l  polyanion w i t h  methyl iod ide  and b u t y l  iod ide  
w e r e  compared i n  te t rahydrofuran .  The r e a c t i o n  could be monitored q u i t e  r e a d i l y  
by the  rate a t  which potassium i o d i d e  p r e c i p i t a t e d  from s o l u t i o n .  
t h a t  methyl i o d i d e  i s  about 10-fold more r e a c t i v e  than b u t y l  i o d i d e  under these  
condi t ions .  This  r e s u l t ,  of course,  sugges ts  t h a t  t h e  SN2 r e a c t i o n s  of t h e  c o a l  
polyanion are more s i g n i f i c a n t  than t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n s .  Although 
t h e r e  i s  a c l e a r  d i s t i n c t i o n  i n  t h e  r e a c t i o n  rate, t h e  e x t e n t  of t h e  a l k y l a t i o n  
r e a c t i o n  is t h e  same f o r  methylat ion and b u t y l a t i o n  wi th  about 2 1  a l k y l  groups 
introduced p e r  100 carbon atoms. The amount of te t rahydrofuran-so luble  a lkyla-  
t i o n  product  i s  a l s o  similar f o r  methyla t ion  and b u t y l a t i o n  under comparable 
condi t ions .  

W e  estimate 

The o b s e r v a t i o n s  concerning t h e  b u t y l  h a l i d e s  and s u l f o n a t e s  are summarized 
i n  Table 11. 

TABLE I1 

ALKYLATION REACTIONS WITH BUTYL DERIVATIVES 

Reagent, F i r s t  React ion Second React ion Tota l  
equiva len tsa  S o l u b i l i t y , b  Residue,c  S o l u b i l i t y ,  Residue,c % 

% g % g 

__  _- BuC1, 2.0 23 1.00 -- 
BuBr, 2.0 51  0.64 -- 
BuI, 2 - 0  6 2  0.49 7 4  0.18 79 
BuOS02CH3, 2.0 64 0.51  po 1 yme r 

__  _- 
-- -- 

B u O S O ~ C F ~ ,  2 .0  polymer -- -- -_ _- 
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aBased on the  number of nega t ive  charges acqui red  by t h e  c o a l .  

bThe percentage of t h e  o r i g i n a l  c o a l  which has  been converted t o  s o l u b l e  pro- 
The va lues  r e p o r t e d  h e r e  have been cor rec ted  f o r  t h e  e x t e n t  of t h e  a lkyla-  duct .  

t i o n  r e a c t i o n .  

'The weight of the  te t rahydrofuran- inso luble  res idue .  No c o r r e c t i o n  has  
been appl ied  f o r  e i t h e r  a l k y l a t i o n  o r  minera l  matter. 

The r e a c t i o n s  of t h e  potassium c o a l  polyanion wi th  t h e  b u t y l a t i o n  r e a g e n t s  
d i f f e r e d  markedly. Both t h e  percentage of s o l u b l e  product  and the  weight  of 
r e s i d u e  i n d i c a t e  t h a t  t h e  r e a c t i o n s  of t h e  c h l o r i d e  and t h e  bromide are d i s t i n c t -  
l y  less e f f e c t i v e  than  t h e  r e a c t i o n s  of t h e  iod ide .  The b u t y l  s u l f o n a t e  esters 
were much more r e a c t i v e .  I n  one case, t h e  mere a d d i t i o n  of f r e s h l y  d i s t i l l e d  
b u t y l  t r i f l a t e  t o  te t rahydrofuran  at room temperature  caused t h e  polymer iza t ion  
of t h e  so lvent .  I n  t h e  o t h e r  case ,  the  a d d i t i o n  of b u t y l  mesylate  t o  t h e  reac- 
t i o n  mixture  w a s  e f f e c t i v e  f o r  t h e  product ion of s o l u b l e  products  i n  64% con- 
vers ion .  However, when t h e  r e a c t i o n  was repea ted  wi th  t h e  r e s i d u e ,  a polymeriza- 
t i o n  r e a c t i o n  ensued and a gas ,  1-butene, was evolved from t h e  r e a c t i o n  mixture .  

These observa t ions  i n d i c a t e  t h a t  b u t y l  i o d i d e  i s  adequately r e a c t i v e  f o r  
This r e a g e n t  e f f e c t i v e l y  conver t s  more than the  a l k y l a t i o n  of t h e  polyanion.  

90% of t h e  o r i g i n a l  carbonaceous m a t t e r  i n  the  c o a l  t o  s o l u b l e  a l k y l a t i o n  pro- 
duc ts .  The f a c t  t h a t  t h e  r e a c t i o n s  of b u t y l  c h l o r i d e  and b u t y l  bromide do n o t  
g ive  similar r e s u l t s  sugges ts  very  s t r o n g l y  t h a t  SN2 r e a c t i o n s  r a t h e r  than  e l e c -  
t r o n  t r a n s f e r  r e a c t i o n s  a r e  pr imar i ly  r e s p o n s i b l e  f o r  t h e  product ion  of s o l u b l e  
materials. This i n t e r p r e t a t i o n  is based on t h e  f a c t  t h a t  t h e  r e a c t i v i t i e s  of 
nuc leophi les  with b u t y l  iod ide ,  bromide, and c h l o r i d e  are i n  t h e  approximate 
order  100:60:1 and t h a t  these  s u b s t i t u t i o n  r e a c t i o n s  are a l l  slow r e l a t i v e  t o  
the  e l e c t r o n  t r a n s f e r  r e a c t i o n s  of t h e  b u t y l  h a l i d e s  wi th  anion r a d i c a l s .  To 
i l l u s t r a t e ,  t h e  rate cons tan ts  f o r  the  r e a c t i o n s  of primary a l k y l  i o d i d e s  w i t h  
anion r a  i c a l s  of t h e  kind formed under t h e  condi t ions  of these  experiments  a r e  
about 104'&/mole sec ( 3 ) .  The r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n s  of primary a l k y l  
iod ides  wi th  nuc leophi les  a r e  much smaller, on ly  about  10 &/mole sec i n  t h e  
f a s t e s t  processes  ( 4 ) .  Thus, w e  i n f e r  t h a t  t h e  b u t y l  h a l i d e s  a l l  undergo r a p i d  
e l e c t r o n  t r a n s f e r  r e a c t i o n s  t o  produce b u t y l  r a d i c a l s  dur ing  the  i n i t i a l  s t a g e s  
of t h e  a l k y l a t i o n  process .  We a l s o  i n f e r  t h a t  t h i s  process  i s  less impor tan t  

BuX + ArH- + A r H  + Bu- + X- 

Bu. + Coaln- + Bu-Coal-" 

f o r  t h e  formation of s o l u b l e  products  than  t h e  a l k y l a t i o n  r e a c t i o n s  

BuI + Coal-ArO- + Coal-ArOBu + I- 
2BuI + Coal-Ar= + Coal-Ar(Bu)2 + 21- 

which proceed much more s lowly.  Indeed,  w e  observed t h a t  t h e  p r e c i p i t a t i o n  of  
potassium i o d i d e  from t h e  r e a c t i o n  of b u t y l  i o d i d e  wi th  t h e  c o a l  polyanion ap- 
peared t o  be  complete only  a f t e r  about 24 h r s .  
of t h e  polyanion wi th  t h e  o t h e r  h a l i d e s  would n o t  be complete i n  48 hrs .  

Thus, t h e  much slower r e a c t i o n s  
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In another  experiment ,  w e  t e s t e d  t h e  u t i l i t y  of 1,2-dimethoxyethane as a 
so lvent  f o r  t h e  r e a c t i o n .  The r e s u l t s  ob ta ined  i n  t h i s  experiment revea led  
t h a t  the  c o a l  polyanion was formed t o  t h e  same e x t e n t  as i n  te t rahydrofuran .  
I n  a d d i t i o n ,  t h e  a l k y l a t i o n  of t h e  polyanion wi th  b u t y l  mesylate  proceeded t o  
g i v e  65% s o l u b l e  product .  
t i o n  in t e t r a h y d r o f u r a n ,  64%. Hence both s o l v e n t s  are equal ly  u s e f u l  f o r  the  
a l k y l a t i o n  r e a c t i o n .  

This  datum is  comparable wi th  t h e  r e s u l t  f o r  butyla-  

When w e  were s a t i s f i e d  t h a t  t h e  a l k y l a t i o n  r e a c t i o n  could be  accomplished 
both  e f f e c t i v e l y  and reproducib ly ,  w e  undertook t h e  s y n t h e s i s  of C-13-enriched 
b u t y l  i o d i d e .  Convent ional  procedures  w e r e  used t o  produce the  d e s i r e d  com- 
pound i n  90% i s o l a t e d  y i e l d  us ing  concentrated hydro iodic  a c i d .  

CH3CH2CH2C(13)H20H + H I  ~ ~ f ~ ~ ~ :  CH3CH2CH2C(13)H21 + H20 

The c o a l  a l k y l a t i o n  r e a c t i o n  w a s  c a r r i e d  o u t  using t h e  enr iched  compound 
and the products  w e r e  separa ted  using t h e  procedures  descr ibed  i n  t h e  Experi- 
mental P a r t .  The pro ton  and carbon nmr s p e c t r a  of  one f r a c t i o n  (comparable t o  
f r a c t i o n  9 i n  t h e  prev ious  r e p o r t  (2) )  a r e  presented  in Figures  2 and 3. 

The proton nmr s p e c t r a  of t h e  c o a l  products  ob ta ined  i n  t h i s  work a r e  q u i t e  
s i m i l a r  t o  t h e  s p e c t r a  of the products  ob ta ined  by Sun and Burk and discussed 
previous ly  (2). No a d d i t i o n a l  comments on t h i s  a s p e c t  of t h e  work a r e  necessary.  

The carbon nmr s p e c t r a ,  on t h e  o t h e r  hand, provide  much new information 
concerning t h e  a l k y l a t i o n  r e a c t i o n .  To i l l u s t r a t e ,  t h e  resonances a t  667.7, 
72.9, and 64.2 i n d i c a t e  t h a t  0 -buty la t ion  has  occurred  dominantly on ary loxides  
wi th  concomit tant  b u t y l a t i o n  on a lkoxide  and p o s s i b l y  carboxyla te  fragments. 
The broad band of resonances a t  635 i n d i c a t e  t h a t  C-butylation i s  a l s o  important  
and t h a t  bucyl  groups are bonded t o  qua ternary  and t e r t i a r y  sp3 carbon atoms and 
poss ib ly  t o  a romat ic  carbon atoms. 
d a t a  f o r  o t h e r  f r a c t i o n s  enr iched  i n  carbon-13 w i l l  be d iscussed .  

These r e s u l t s  and t h e  o t h e r  spec t roscopic  
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